The most commonly used inoculants for producing grey iron are ferrosilicon based, but also there are reports indicating that silicon carbide can act as inoculant. There are few published studies of fading and nucleation sites of graphite when silicon carbide is used as inoculant, thus the understanding of the inoculation effect of silicon carbide is incomplete. To study these two aspects, fading and graphite nucleation sites, an ASTM class 35B grey iron inoculated with silicon carbide was produced and characterized. The results were compared with an ASTM class 35B grey iron inoculated with a ferrosilicon base inoculant and without inoculation. It was found that the effect of the silicon carbide was comparable to the ferrosilicon base inoculant and fading was similar. In addition, the graphite nucleation sites in the grey iron inoculated with silicon carbide were irregular shaped manganese sulfides larger than the nuclei in the grey iron inoculated with ferrosilicon, which suggest a similar nucleation mechanism for both inoculants.
INTRODUCTION
Grey iron is widely used due to its good mechanical properties, thermal conductivity, damping capacity, castability and low cost. The mechanical properties of grey iron depend directly on its microstructure, which is related with processing variables such as chemistry, solidification rate, charge materials and inoculation [1, 2] .
Inoculation provides sites for heterogeneous nucleation, which increases the amount of eutectic cells leading to a finer microstructure. Also, it decreases undercooling, making the solidification temperature closer to a stable equilibrium, which favors the precipitation of graphite instead of carbides [3] . Thus inoculation provides grey iron with better mechanical properties, such as, higher hardness and higher tensile strength [4] [5] [6] .The most commonly used inoculants are ferrosilicon based containing one or more of these elements: barium, calcium, zirconium, strontium, cerium and aluminum, among others. Researches indicate that the most common graphite nucleation sites are small Al 2 O 3 -based sites surrounded by a complex (Mn,X)S compound (X: Al, O, Si, Ca, Ba, Sr…). The role of the inoculation chemical elements is to transform sulfides in complex compounds with a low crystallographic misfit with graphite, good stability, adequate interfacial energy and higher melting point [6] [7] [8] [9] [10] .
Silicon carbide can also be used as an inoculant with results similar to those obtained with ferrosilicon base inoculants [11] [12] [13] [14] [15] . Edalati et al. studied the effect of silicon carbide as inoculant and as silicon carrier in grey iron poured at different temperatures, the results showed that using SiC as inoculant increased the liquid and eutectic temperatures, type A graphite and eutectic cell count and decreases undercooling and chill depth [12] [13] . Schubert et al. indicate that the high melting point of silicon carbide allows it to dissolve slowly into the molten metal, leading to local hypereutectic regions where carbon clusters are formed, these clusters act as the seed for later graphite formation [14] . Benecke reported that using silicon carbide to produce cast iron has positive effects increasing the eutectic cells counting, the tensile strength-hardness relationship, machinability and microstructural homogeneity of the casting [15] . Wang and Fredrickson hypothesized that SiC and graphite particles are metastable products of ferrosilicon addition to liquid iron, and that the dissolution of these metastable products generates local carbon and silicon supersaturated regions that promotes homogeneous nucleation of graphite [16, 17] .
Another important consideration when producing grey iron is fading, which consists of the loss of the inoculation effect with time, which increases undercooling during solidification, favors the formation of carbides instead of graphite, increases hardness and decreases tensile strength. Fading and graphite nucleation sites have been studied widely for grey iron inoculated with ferrosilicon base inoculants, however there are few published reports of these topics for materials inoculated with silicon carbide which limits the understanding of its inoculation effect.
MATERIALS AND METHODS
Eight kilograms (8kg) heats of the alloys were produced in an induction furnace using as charge materials grey iron, cold rolled steel, graphite and ferrosilicon. Samples for chemical and thermal analysis were obtained before inoculation (BI), after inoculation (AI) and seven, fourteen and twenty minutes after inoculation. Chemistry was determined by optical emission spectroscopy (OES) of chilled samples, carbon was determined using a carbon Leco analyzer. Temperature of the alloy was measured at the furnace before transfer to the pouring ladle (see Table 1 ). The inoculants were added to the molten metal stream during transfer from the furnace to the pouring ladle. Two inoculants were evaluated, silicon carbide and a ferrosilicon base inoculant. Chemistry of the inoculants was determined using x ray fluorescence (see Table 2 ). Particle size of the inoculants was 2.6mm-3.0mm and 0.3wt% of inoculation was used. Two replicates of each experiment were performed. (1) and (2) [18] . First derivative of the cooling curve was used for thermal analysis according to references [18, 19] . = 1154°C + 6.7(% ) − 2(% ) − 30(% ) + 5(% ) + 4(% ) (1) = 1148°C − 12(% ) + 3(% ) − 37(% ) − 15(% ) + 7(% ) − 2.3(% ) − 6(% ) + 7(% )
Brinell hardness was determined according with ASTM E10 using 3000kgf and a 10mm diameter steel ball [20] . Five indentations were performed on each sample. Microstructural analysis included determining the type of graphite and the volume percent of carbides. Samples were observed using an optical microscope and prepared using standard metallographic techniques with a 1µm diamond final polish. Graphite type was determined in unetched samples according with ASTM A247 [21] . Carbides volume percent was determined by stereological measurements in samples etched with Nital 5. Twenty random fields of view were used to guarantee a percent of relative accuracy lower than 10%.
Graphite nucleation sites were studied by SEM-EDS in un-inoculated samples and samples inoculated with the ferrosilicon base inoculant and silicon carbide. Finally, green sand molds were used to pour Yblocks one inch thick before inoculation, at seven and twenty minutes after inoculation. Two tensile bars were machined from each Y-Block and tested according with ASTM E8 [22] .
RESULTS AND DISCUSSION

Microstructure
As expected, before inoculation graphite was preferentially type D, also some type A and C graphite were detected. Microstructural analysis of the samples after inoculation and seven minutes after inoculation showed preferentially type A graphite. At fourteen and twenty minutes after inoculation the amount of type A graphite decreased and the amount of type D graphite increased, which indicated that fading was taking place. There was no significant statistical difference in the volume percent of carbides between both inoculants. Around 4vol% of carbides were found in the samples before inoculation, after inoculation carbides decreased to around 2vol%. The results showed as expected, that the amount of carbides increased with time after inoculation as a consequence of fading. The results of the quantification of the volume percent of carbides can be seen in figure 2. 
Tensile strength and hardness
The results showed that both inoculants had similar effects in hardness and tensile strength of the alloy (Figure 3) . Inoculated grey irons were Class 35B according to ASTM specification A48 for both inoculants, ferrosilicon and silicon carbide [23] . Also fading for both inoculants was comparable and started to be detected at fourteen minutes after inoculation. Silicon carbide showed a slightly higher effect decreasing hardness than ferrosilicon, which is explained by the additional carbon in the silicon carbide that slightly increased the carbon concentration in the alloy. For both inoculants, the lowest hardness was obtained in the samples taken seven minutes after inoculation. At fourteen and twenty minutes after inoculation, hardness was at the same level than before the inoculation, which agrees with the microstructural changes discussed early. As expected, tensile strength increased after inoculation and then decreased with time because of fading. The grey iron inoculated with ferrosilicon showed a slightly higher increase in strength than the alloy inoculated with silicon carbide, which is explained also by the small differences in carbon concentration. The results obtained in the samples taken twenty minutes after inoculation were comparable with the results obtained in the uninoculated material. 
Thermal analyses
The effect of inoculation with silicon carbide on the cooling curves during solidification was similar to the effect of inoculation with the ferrosilicon base inoculant. For both inoculants, the results agree with previous published results of other authors, which indicate that the main effect of inoculation is to increase the temperature of eutectic undercooling (TEU) and the temperature of graphite recalescence (TER), also it decreases eutectic undercooling (ΔT m ) and graphite recalescence (ΔT r ) [18, 19] . Figure 4 shows a group of representative cooling curves of grey irons inoculated with ferrosilicon and silicon carbide, as explained before, the samples were obtained before and after inoculation and seven fourteen and twenty minutes after inoculation. The results are summarized in table 3. After inoculation, the stable eutectic temperature (T st ) increased and the metastable eutectic temperature (T mst ) decreased, as expected because of the increase in silicon concentration of the alloys. As a consequence, the range of eutectic equilibrium was wider and favored the growth of the graphite flakes.
Eutectic undercooling (ΔT m ) and eutectic recalescence (ΔT r ) decreased after inoculation with both, silicon carbide and ferrosilicon. ΔT m decreased because TEU increased, which indicates that solidification happened at temperatures closer to T st , favoring the formation of graphite instead of iron carbides. The values of ΔT r after inoculation indicate a lower tendency to the early expansion of graphite and to the contraction of the primary phases, which decreases microshrinkage [18, 19] .
The difference between TEU and T mst is ΔT 1 and the difference between the temperature of eutectic recalescence (TER) and T mst is ΔT 2 . Both, ΔT 1 and ΔT 2 , are related to the efficiency of the inoculants. Values of ΔT 1 and ΔT 2 lower than 20°C indicate a tendency to the formation of iron carbides because solidification takes place at a temperature closer to T mst [18, 19] . The results showed values of ΔT 1 and ΔT 2 higher than 20°C for all the conditions evaluated, also ΔT 1 and ΔT 2 decreased with time after inoculation. 
Graphite nucleation sites
The results of the SEM-EDS analysis showed that the graphite nucleation sites were manganese and sulfur rich particles. Also oxygen, aluminum, calcium, silicon and zirconium were detected at the nuclei. Figure  5 (a) shows a representative chemical profile of a particle where a type D graphite nucleated in un-inoculated grey iron. Oxygen, aluminum and silicon were detected in the center and manganese and sulfur were found in the outer shell. The results indicate that the particle is a manganese sulfide that nucleated on an aluminum silicon oxide or an aluminum silicate. The nucleation sites for type D graphite were 2µm-5µm size and regular shaped.
The nucleation sites of type A graphite in the grey iron inoculated with ferrosilicon were 2µm-4µm size with regular morphologies (see figure 5(b) ). The results indicated that the nucleation sites were complex manganese sulfides of the type (Mn,X)S, X=Ca, Zr, Al, Si, O, which agrees with previous studies [6] . According to Riposan et al. the heterogeneous nucleation of graphite in grey iron requires non metallic inclusions. These inclusions need to have a negative enthalpy of formation, a melting temperature higher than iron and a crystalline structure compatible with graphite. These inclusions already exist in the liquid iron and are activated by the inoculation process. Inclusions such as silicates, oxides, sulfides, carbides and nitrides can nucleate graphite. Silicates and oxides have the best chemical affinity with graphite, however the low oxygen concentration in the molten metal diminish the probability of this kind of events, thus nucleation happens mainly at manganese sulfides, which increase their chemical affinity with graphite and their melting temperature when chemical elements like calcium, zirconium and aluminum are added to form complex sulfides of the (Mn,X)S type [6, 8, 9] .
The analysis of the grey iron inoculated with silicon carbide showed that type A graphite nucleated also at manganese sulfides. Oxygen, silicon and aluminum were detected at the center and the core of the nuclei as well ( figure 5(c) ). The nucleation particles for silicon carbide had irregular morphologies and were between 8µm-10µm size. The results suggest that when silicon carbide is used as inoculant, the graphite nucleation mechanism is similar to the mechanism when ferrosilicon base inoculants are used, i.e., graphite nucleates heterogeneously on manganese sulfides. However, the absence of the inoculation chemical elements seems to propitiate larger irregular shaped nuclei. As suggested by other authors, the slow dissolution of SiC in the liquid iron may be playing an important role in the inoculation effect of SiC, because it promotes carbon and silicon microsegregation in the melt [14] [15] [16] [17] . Graphite formation is favored at the areas where silicon and carbon concentration are high, while austenite nucleation is promoted at the areas where their concentration is low. Also, fading when silicon carbide is used as inoculant may be associated with carbon and silicon diffusion over time, which eliminates microsegregation. 
SUMMARY AND CONCLUSIONS
Silicon carbide used as inoculant gives fading times comparable to the fading time obtained with ferrosilicon base inoculants. In the present study fading started to be detected at fourteen minutes after inoculation. As it happens with other inoculants, fading affects the solidification conditions with the concomitant effect in microstructure, hardness and strength. The graphite nucleation mechanism when silicon carbide is used as inoculant is similar to the mechanism when ferrosilicon base inoculants are used, i.e., graphite flakes nucleate at aluminum oxides surrounded by complex manganese sulfides. However, the absence of the inoculation chemical elements when silicon carbide acts as inoculant produce large irregular shaped nuclei, which seems to be compensated by carbon and silicon microsegregation in the molten metal promoted by the slow dissolution of silicon carbide compared with ferrosilicon.
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